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INTRODUCTION
Fibrin accumulation is a common feature in a variety of acute and chronic pulmonary diseases. Damage to the alveolar walls causes extravasation of plasma proteins into the interstitium and alveolar spaces where increased levels of tissue factor lead to the accumulation of fibrin and other matrix components. 1 2 The fate of this provisional matrix is an important determinant of whether the alveolar structures are successfully repaired or replaced by collagenous scars. The urokinase-type plasminogen activator (uPA) is produced by pulmonary epithelial cells 3 4 and alveolar macrophages in a normal lung, 5 thereby generating a net fibrinolytic environment in the alveolar space. However, fibrin deposits persist in patients with fibrotic lung diseases because the normal fibrinolytic activity is suppressed by an increased expression of plasminogen activator inhibitor-1 (PAI-1). 6e8 Manipulation of the PAI-1 levels in animal models of lung injury influences the degree of fibrosis that occurs. Mice with a targeted deletion of the PAI-1 gene (PAI-1 À/À mice) develop less fibrosis and survive longer following bleomycin injury in comparison with wild-type mice, while transgenic mice that overexpress PAI-1 developed more severe bleomycin-induced pulmonary fibrosis. 9 These observations suggest a direct correlation between the expression level of PAI-1 and the extent of collagen accumulation that follows lung injury, and, therefore, PAI-1 can be recognised as a key molecule involved in the development of pulmonary fibrosis. Furthermore, these observations suggest that the suppression of PAI-1 in the injured lung can therefore be a therapeutic strategy to limit the development of pulmonary fibrosis. In the current study, small interfering RNA (siRNA) directed against PAI-1 (PAI-1-siRNA) was delivered into the lungs of mice through an intranasal route. This strategy was selected because previous studies have shown the intranasal administration of siRNA to be effective for the lung-specific knockdown of gene expression, and it can be easily and safely repeated. 10 11 The present study investigated which regions in the lung received the PAI-1-siRNA and whether the intranasal administration of PAI-1-siRNA could reduce the PAI-1 level in the lung using a murine model of bleomycin-induced pulmonary fibrosis. Furthermore, these mice were evaluated to determine whether the repeated instillation of PAI-1-siRNA could limit the development of pulmonary fibrosis. In addition, the effect of PAI-1-siRNA on epithelial to mesenchymal transition (EMT) induced by transforming growth factor b (TGFb) was also evaluated using a mouse lung epithelial cell line.
METHODS

SiRNA design
The siRNAs were designed using the TaKaRa online algorithm (TaKaRa Bio, Tokyo, Japan). See online supplement for details.
Bleomycin exposure and the administration of siRNA
Wild-type C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan). The mice were < Supplementary methods and figures are published online only at http://thorax.bmj.com/ content/vol65/issue4 anaesthetised with intraperitoneal pentobarbital, and the trachea was exposed through a cervical incision. Bleomycin (1.5 mg/kg body weight, Nippon Kayaku, Tokyo, Japan) was dissolved in phosphate-buffered saline (PBS) and then instilled intratracheally with a 27-gauge needle. A higher dose of bleomycin (2.5 mg/kg body weight) was used to assess survival. PAI-1-siRNA and non-specific siRNA(NS-siRNA) were dissolved in RNase-free water and then administered intranasally (2 mM in 50 ml) after anaesthetising the mice with pentobarbital.
Immunohistochemistry for PAI-1
Immunohistochemical analysis of PAI-1 was performed as described in the online supplement.
Bronchoalveolar lavage (BAL)
BAL was performed as described in the online supplement.
Measurement of PAI-1 level and uPA activity in BAL fluid
The levels of PAI-1 and the activity of functionally active uPA in BAL fluid were measured using a total murine PAI-1 antigen assay kit (Innovative Research, Novi, Michigan, USA) and a mouse uPA activity assay kit (Innovative Research), respectively, following the manufacturer 's instructions.
Confocal laser scanning microscopy
Rhodamine-labelled PAI-1-siRNA was synthesised by TaKaRa Bio (Tokyo, Japan) and instilled intranasally into mice. Twentyfour hours after siRNA instillation, frozen lung sections and cells collected in BAL fluid were scanned at an excitation wavelength of 488 nm for rhodamine using an LSM5 Pascal confocal imaging system (Carl Zeiss, Jena, Germany) with an inverted microscope. The means of eight scans were obtained at a resolution of 102431024 pixels. Confocal images were stored as digital files and viewed using Photoshop (Adobe, Mountain View, California, USA).
Lung collagen measurement
The degree of pulmonary fibrosis was determined by measuring total soluble lung collagen using the Sircol Collagen Assay kit (Biocolor, Belfast, UK) as described previously. 12 13 Histology After BAL and lung perfusion, the lungs of mice were fixed by inflation with a buffered 10% formalin solution. The lung tissue specimens were embedded in paraffin, and then the sections were stained with H&E for examination by light microscopy.
Assessment of cell proliferation
Cell proliferation following siRNA transfection was analysed using a mouse lung epithelial cell line, LA-4. See the online supplement for details.
Assessment of EMT and apoptosis
LA-4 cells grown in 8-well chamber slides were transfected with PAI-1-siRNA (100 nM) or NS-siRNA (100 nM) using Trans IT-TKO. TGFb1 at 5 ng/ml was added to the culture 48 h after the transfection, and then the cells were incubated for another 48 h. The cells were fixed in 4% paraformaldehyde and treated with 3% H 2 O 2 in methanol for 15 min. Following the blocking step, the cells were incubated with a rabbit polyclonal antibody against a-smooth muscle actin ((SMA) ab5694; Abcam, Cambridge, UK) labelled with Zenon Alexa Fluor 488 and a rabbit polyclonal antibody against E-cadherin (sc-7870; Santa Cruz Biotechnology, Santa Cruz, California, USA) labelled with Zenon Alexa Fluor 594 for 1 h. Thereafter, the cells were mounted and examined by the BZ-9000 fluorescence imaging system (Keyence, Osaka, Japan). The degree of EMT was quantified by counting the number of a-SMA-positive cells in seven low-power fields per sample. Apoptosis of LA-4 cells was evaluated using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore, Billerica, Massachusetts, USA) following the manufacturer 's instruction. The degree of apoptosis was quantified by counting the number of TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling)-positive cells in seven low-power fields per sample.
Statistical analysis
The results are expressed as the means6SEM. The statistical significances of differences were analysed by the ManneWhitney U test or Student t test. The proliferation of LA-4 cells was statistically analysed using repeated measures analysis of variance (ANOVA). A p value of <0.05 was considered to be statistically significant.
RESULTS
Localisation of PAI-1 in lungs of patients with IPF
Although one previous study conducted an immunohistochemical analysis of PAI-1 in the lungs of patients with IPF, the localisation of PAI-1 in such lungs has not been conclusively demonstrated. PAI-1 was immunohistochemically determined in the lungs of three patients with the final histopathological diagnosis of IPF. PAI-1 was diffusely expressed in the lungs of patients with IPF (Supplementary figure 1C,D). PAI-1 was strongly expressed in the areas of columnar epithelial cells lining the honeycomb lung, the hyperplastic type 2 pneumocytes and the alveolar macrophages. No significant staining was detected in the IPF lung sections that reacted with normal mouse immunoglobulin G (Supplementary figure 1B) . PAI-1 expression was also observed in alveolar macrophages in the normal lung control (Supplementary figure 1A) .
Localisation of PAI-1-siRNA in lungs of normal mice and bleomycin-injured mice following a single intranasal administration
Rhodamine-labelled PAI-1-siRNA was intranasally instilled into normal mice and mice intratracheally administered with bleomycin 14 days earlier, and the localisation of fluorescence in the lung was examined by confocal microscopy. The fluorescence intensity in the lungs of normal mice was observed in the bronchial epithelium and alveolar epithelium ( figure 1A) . The highest fluorescence intensity in the lungs of mice with bleomycin-induced pulmonary fibrosis was observed in the area associated with the bronchial epithelium, and slightly less intense fluorescence emanated from the cells covering the dense fibrotic lesion (figure 1B). BAL was performed on bleomycininjured mice intranasally instilled with rhodamine-labelled PAI-1-siRNA 24 h earlier, and the fluorescence in the cells collected in the BAL fluid was examined by confocal microscopy. As shown in figure 1C , the fluorescence was detected in the macrophagelike cells but not in the lymphocyte-like cells.
Single intranasal administration of PAI-1-siRNA reduced the PAI-1 level in BAL fluid from mice with bleomycin-induced lung injury
The PAI-1 levels in BAL fluids were measured after the intranasal instillation of PAI-1-siRNA into mice with bleomycin-induced lung injury to determine whether a single intranasal administration of PAI-1-siRNA is effective in reducing PAI-1 expression in the lung. A single intranasal administration of PAI-1-siRNA reduced the PAI-1 concentration in BAL fluids by >50% in comparison with that of the mice that received a single intranasal administration of NS-siRNA (p<0.05; Supplementary  figure 2 ).
Repeated administration of PAI-1-siRNA into bleomycin-injured mice initiated during the inflammatory phase reduced fibrosis and improved survival
Following the successful reduction of the PAI-1 level in the BAL fluid in mice with bleomycin-induced lung injury after a single intranasal administration of PAI-1-siRNA, experiments were conducted to determine the effect of repeated intranasal instillation of PAI-1-siRNA on bleomycin-induced lung injury and fibrosis. PAI-1-siRNA and NS-siRNA were intranasally instilled into mice 1, 4, 8, and 11 days after the intratracheal adminis-tration of bleomycin. First, the inflammatory cells recovered in the BAL fluids collected on day 7 were analysed, and measurement of the PAI-1 levels in BAL fluids, collagen contents in the lungs and a histological analysis of the lungs were performed on day 14. The recovery rate of BAL fluid typically exceeded 90% and did not differ between the experimental groups. The number of total inflammatory cells recovered in the BAL fluids on day 7 was significantly elevated by the intratracheal administration of bleomycin; however, no significant differences were observed in the total cell counts between the mice intranasally administered PAI-1-siRNA and NS-siRNA (Supplementary figure 3A) . The differential counts of the inflammatory cells in BAL fluids also showed that the fractions of macrophages, lymphocytes and neutrophils did not differ between the mice administered PAI-1-siRNA and NS-siRNA (Supplementary figure 3BeD). The repeated intranasal instillation of PAI-1-siRNA was found to reduce the PAI-1 level (figure 2A) and increase uPA activity (figure 2B) in BAL fluids. Immunohistochemical analysis of PAI-1 also demonstrated that the expression level of PAI-1 was lower in the bleomycin-injured mice treated with PAI-1-siRNA in comparison with that in NS-siRNA-treated mice ( figure 2C ). In addition, the repeated intranasal instillation of PAI-1-siRNA was able effectively to limit the accumulation of collagen in the lung in comparison with NS-siRNA in mice with bleomycin-induced lung injury ( figure 2D) . A histological examination also revealed that the bleomycin-induced fibrosis improved in the mice repeatedly administered PAI-1-siRNA ( figure 2E ). Furthermore, the repeated administration of PAI-1-siRNA significantly improved the survival rate in comparison with NS-siRNA in mice with bleomycin-induced lung injury (Supplementary figure 4) .
Repeated administration of PAI-1-siRNA to bleomycin-injured mice initiated during the fibrotic phase reduced fibrosis
The repeated administration of PAI-1-siRNA was initiated during the fibrotic phase of bleomycin-induced lung injury to determine whether the repeated intranasal administration of PAI-1-siRNA has an antifibrotic effect. PAI-1-siRNA and NS-siRNA were intranasally instilled 8, 11, 14, 17 and 20 days after the intratracheal administration of bleomycin, and the collagen content in the lungs obtained on day 21 was measured. The repeated intranasal instillation of PAI-1-siRNA during the fibrotic phase of bleomycin-induced lung injury was found to reduce the PAI-1 level ( figure 3A) , increase the uPA activity (figure 3B) in BAL fluids and limit the accumulation of collagen in the lung in comparison with NS-siRNA ( figure 3C ).
Transfection with PAI-1-siRNA did not affect the cell proliferation rate in a mouse lung epithelial cell line Cell proliferation was compared between LA-4 cells transfected with PAI-1-siRNA and NS-siRNA to assess whether cell proliferation is affected by the introduction of PAI-1-siRNA into lung epithelial cells. No significant differences in cell proliferation rates were found at 24 and 48 h after the transfection with siRNA (data not shown). figure 4M) . A TUNEL assay showed no difference between LA-4 cells transfected with PAI-1-siRNA and NS-siRNA ( figure 4J, K, N) .
DISCUSSION
The present study demonstrated that PAI-1 is dominantly expressed in the columnar epithelial cells and hyperplastic type 2 pneumocytes lining the honeycomb lesions in the lungs of patients with IPF, and PAI-1-siRNA could distribute into the corresponding area in murine lungs with bleomycin-induced pulmonary fibrosis following intranasal administration. In addition, a single intranasal administration of PAI-1-siRNA could reduce the PAI-1 level in BAL fluid from mice with bleomycin-induced lung injury. Furthermore, the repeated administration of PAI-1-siRNA prevented the development of pulmonary fibrosis and improved the survival rate in mice with bleomycin-induced lung injury. Interestingly, the repeated administration of PAI-1-siRNA started at the beginning of the fibrotic phase of bleomycin-induced lung injury was also effective in limiting the accumulation of collagen in the lungs. In addition, the transfection of a lung epithelial cell line with PAI-1-siRNA was found to inhibit EMT induced by TGFb.
The most important finding in the present study is that lungspecific suppression of PAI-1 resulted in the prevention of pulmonary fibrosis and the improvement of survival in mice with bleomycin-induced lung injury. There is a growing body of evidence demonstrating that PAI-1 is involved in fibrotic disorders in various organs, including the lung, kidney and liver. 9 14e16 In particular, bleomycin-induced pulmonary fibrosis is increased in mice overexpressing PAI-1 and decreased in PAI-1-knockout mice, indicating that PAI-1 is a key molecule regulating the development of pulmonary fibrosis. The results of the current study are compatible with these observations and suggest that targeting PAI-1 is a promising therapeutic strategy for pulmonary fibrosis. Indeed, a recent study that investigated the effect of a PAI-1-specific inhibitor on bleomycin-induced pulmonary fibrosis demonstrated a favourable result regarding this concept. 17 Furthermore, suppressing PAI-1 specifically in the lung is a more favourable therapeutic approach because it will avoid systemic side effects that may be caused by oral administration of a PAI-1 inhibitor.
Controversy remains regarding whether the therapeutic intervention on a rodent model of pulmonary fibrosis generated by bleomycin application is anti-inflammatory or antifibrotic. The present study observed no differences in the profile of inflammatory cells recovered in BAL fluid 7 days after the intratracheal administration of bleomycin between the mice that received two courses of intranasal instillation of PAI-1-siRNA and NS-siRNA. This result suggests that the suppression of PAI-1 in the bleomycin-injured lung was not an anti-inflammatory effect, and is compatible with the result of a previous study demonstrating that the extent of inflammatory injury induced by bleomycin did not differ between PAI-1-deficient mice and wild-type mice. 14 Furthermore, the repeated administration of PAI-1-siRNA started during the peak inflammatory phase of bleomycin-induced lung injury was found to successfully limit the accumulation of collagen in the lung. A previous study proposed that the 'switch' between inflammation and fibrosis occurs around day 9 after intratracheal administration of bleomycin, 18 and a recent review on animal models of bleomycin-induced pulmonary fibrosis noted that the effect of a therapeutic intervention started >7 days after the last bleomycin application can be considered to be antifibrotic. 19 Based on these observations, the suppression of PAI-1 by the intrapulmonary administration of PAI-1-siRNA is thought to exert an antifibrotic effect, thus resulting in the successful limitation of collagen accumulation in a mouse model of bleomycininduced pulmonary fibrosis.
Previous studies have shown the intranasal instillation of siRNA to have a significant lung-specific suppressing effect on the expression of the studied genes; however, the localisation of siRNA in the fibrotic lungs following intranasal administration remained unknown. 10 11 The present study demonstrated that intranasally instilled rhodamine-labelled PAI-1-siRNA could be incorporated into the areas of the ciliated bronchial epithelium and epithelial cells lining the dense fibrotic lesions in mice lungs with bleomycin-induced pulmonary fibrosis. This result suggests that the direct administration of siRNA into the airway without using viral vectors or transfection agents is plausible for in vivo delivery of siRNA into the lung, and the gene products overexpressed in such areas of fibrotic lungs would be good targets for the suppression by siRNA. In the present study, an immuno-histochemical analysis of the lungs of patients with IPF demonstrated that PAI-1 is dominantly expressed in the areas of columnar epithelial cells and hyperplastic type 2 pneumocytes lining the honeycomb lung. A recent study that investigated PAI-1 expression in murine lungs with bleomycin-induced pulmonary fibrosis reported significantly increased expression in regenerative type 2 pneumocytes as well as alveolar macrophages. 20 21 These observations strongly suggest that PAI-1 overexpressed in the fibrotic lungs could be a good target for lung-specific delivery of siRNA.
The EMT is a process where a normal epithelial cell loses its properties and gains mesenchymal traits. Several lines of evidence indicate that the EMT plays a crucial role in the development of pulmonary fibrosis. 22e24 TGFb is one of the most important factors that induce EMT and, in fact, it is used for experiments to study EMT in fibrosis. 25e27 In addition, TGFb is also a strong inducer of PAI-1, and the involvement of PAI-1 in EMT in cancer cells has already been reported. 28 In the present study, EMT induced by TGFb in a lung epithelial cell line was shown to be inhibited by the transfection with PAI-1-siRNA. Although the precise mechanism has yet to be determined, this result indicates that PAI-1 is involved in EMT induced by TGFb in lung epithelial cells and probably acts as a downstream effector of TGFb. This result also suggests that the suppression of EMT may therefore be one of mechanisms underlying the attenuation of bleomycin-induced pulmonary fibrosis by the intrapulmonary administration of PAI-1-siRNA.
In conclusion, a single intranasal administration of PAI-1-siRNA, in the absence of transfection agents, resulted in the diffuse incorporation of PAI-1-siRNA into the lining cells of the dense fibrotic area in the lung with bleomycin-induced lung injury and successfully reduced the PAI-1 level in BAL fluid. Furthermore, the repeated administration of PAI-1-siRNA started at the beginning of either the inflammatory or the fibrotic phase was effective in limiting the accumulation of collagen in a mouse model of bleomycin-induced pulmonary fibrosis. These results strongly suggest that the repeated administration of siRNA targeting PAI-1 in the lung can be a therapeutic strategy to attenuate the development and progression of pulmonary fibrosis. In addition, the EMT induced by TGFb in a mouse epithelial cell line was inhibited by transfection with PAI-1-siRNA. The possibility that the suppression of EMT is involved in the attenuated pulmonary fibrosis by the intrapulmonary administration of PAI-1-siRNA was also demonstrated.
